The reaction products of Types I, II and III chloramphenicol acetyltransferases (CATs) from reference strains of Escherichia coli and Type II CATs from clinical isolates of Haemophihis influenzae were examined by HPLC. Types I and III CATs produced 1, 3 diacetylchloramphenicol at pH 6-8 and 7-8 whereas Type II enzymes failed to produce this diester at either pH. All the CATs produced monoacetylchloramphenicol at both pH values. Neither mono-nor di-acetylchloramphenicol was stable. Breakdown of enzymically-produced mono-and di-esters proceeded more rapidly at pH 7-8 than at pH 6-8. Similar breakdown behaviour was observed with synthetically manufactured 1, 3 diacetylchloramphenicol.
Introduction
Bacterial resistance to chloramphenicol is most commonly mediated by chloramphenicol acetyltransferase (CAT). Three major plasmid-mediated CAT Types (I, II and III) are recognized in Gram-negative bacteria. These are distinguished by their levels of activity and sensitivity to inhibition by sulphydryl compounds (Nitzan & Gozhansky, 1980) . Further subtypes also may occur. For example, the CATs found in occasional Haemophilus influenzae isolates resemble the Type II enzymes of enterobacteria, but differ in minor respects (Roberts, Corney & Shaw, 1982; Powell & Livermore, 1988) .
CAT activity may result in the formation of both mono-and di-acetylated derivatives of chloramphenicol. Initially 3-acetylchloramphenicol is produced. An internal isomerization step is then thought to occur when the acetyl group is transferred to the 1-carbon, allowing the enzyme to re-acetylate the 3-position, and so yield 1, 3-diacetylchloramphenicol (Shaw, 1967 (Shaw, , 1983 Sukuzi & Okamoto, 1967) . Shaw (1983) pointed out that the equilibrium constant for the re-arrangement of the acetyl monoesters was more favourable at pH 7-8 than at 7-0 and Lovering, White & Reeves (1986) found that diacetylchloramphenicol was produced by the CAT isolated from E. coli 11186 (a Type ITI enzyme; A. M. Lovering, personal communication) at pH 7-8 but not at pH 6-8.
It is not clear, however, whether all CAT types yield diacetylchloramphenicol, nor whether they all show this pH dependence. The present study therefore used an HPLC method to compare mono-and di-acetylchloramphenicol production by plasmid mediated Types I-III CATs of enterobacteria and the Type II enzyme of H. influenzae. 897
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Materials and methods
Strains
Chloramphenicol-resistant H. influenzae were clinical isolates that produced Type II CAT (Powell & Livermorc, 1988) . Escherichia coli reference strains with CATs of Types I, II or III were obtained from the NCTC Plasmid Reference Laboratory, Colindale, London (Accession Nos: 50055, 50128 and 50022).
Reagents
Chloramphenicol was obtained from Parke-Davis Ltd, Pontypool, Gwent. To prepare 1, 3-diacetylchloramphenicol, chloramphenicol (1 g) was dissolved in a mixture of 15 g pyridine and 25 g acetic anhydride. The solution was refluxed for 1 h before adding water and removing the resulting oil layer. The oil layer was dissolved in diethyl ether (50 ml) and the organic phase extracted with 3 x 50 ml aliquots of 1 M HC1. The solution was dried over magnesium sulphate and the ether removed, yielding a yellow oil which was dissolved in the minimum of warm ethanol. After several days at 0°C, the crystalline product that separated out was removed and recrystallized twice from ethanol. The final product was shown to be chromatographically pure by HPLC. Other reagents were obtained from the Sigma Chemical Company, St. Louis, Missouri.
Preparation of CA T extracts
Organisms were grown overnight on 'chocolate' agar, then resuspended in distilled water to an OD 4J0 of 0-800 (Pye Unicam SP1700 Spectrophotometer). Volumes (10 ml) were sonicated on ice for 4 x 15 sec bursts, (20/nn amplitude, MSE Ultrasonicator). Following centrifugation at 10,000 g for 20min at 4°C (MSE Europa Centrifuge), supernatants were frozen at -20°C in 1-ml aliquots.
Acetylation reaction conditions
Reactions were performed at pH 6-8 and 7-8, using a method based on that described by Lovering et al. (1986) but with an acetyl Co A regenerating system based on that of Breeze & Simpson (1982) . The reaction mixture, 21 ml in volume, contained 95 mM Tris-HCl, 14 mM MgCl 2) 0-76 HIM chloramphenicol, 0-28 mM coenzyme A, 26 mM acetylphosphate and 2 x 10 4 U/l phosphotransacetylase (PTA), together with freshly thawed CAT extract (200 /il). Addition of the CAT enzyme triggered the reaction. Acetyl CoA was continuously regenerated in the system by the PTA-catalysed reaction of the acetylphosphate and coenzyme A. The mixtures were incubated at 37°C and samples (100 /zl) were periodically removed, mixed with an equal volume of acetonitrile to stop the reaction, then stored at -20°C. CAT derived from E. coli 50055 (Type I) was also assayed in the presence of 8 x 10 4 U/l PTA but with the other conditions as above.
Detection of acetylated derivatives of chloramphenicol by HPLC
Aliquots removed from the reaction mixture were thawed and centrifuged at 10,000 g for 5 min (Microcentaur, Beckman Instruments). The supernatants were injected into a Waters LC3 chromatograph via a 20/J fixed loop. A reverse-phase C, 8 column (10x1 cm) enclosed in a Waters 12 CM 100 radial compression module was used for all 
'One unit acetylated 1 /tmol of chloramphenicol/rain under the defined assay conditions.
•With PTA concentration increased to 8 x 10* ft/\ compared to 2 x 10* fift in other assays.
determinations. The elution solvent consisted of methanol, water and phosphoric acid (vol/vol ratio 45:47-5:2-5). A flow rate of 2 ml/min gave retention times of 3-5 min for chloramphenicol, 4.9 min for monoacetylchloramphenicol and 6-9 min for diacetylchloramphenicol. The system employed a fixed wavelength detector set at 254 nm. The amounts of each component present were determined by comparing of peak areas to those of known standards of chloramphenicol and diacetylchloramphenicol. Enzyme activity Onnol/min) was calculated from the initial rate of monoacetylation of chloramphenicol using Shaw's calculation (1975) to express activity in units and relating this value to dry weight of cells, as previously described (Powell & Livermore, 1988) .
Stability of diacetylchloramphenicol
The stability of the diacetylated compound was assayed at pH 6-8 and 7-8 by dissolving 50 mg of the purified product in 50 ml methanol and diluting 1:2 with 50 ml of the appropriate Tris-HCL buffer. After readjustment of pH, 10 ml aliquots of solution were incubated at 37°C, and 20 pi samples were removed at intervals. These samples were immediately analysed by HPLC as above.
Results
Formation of mono-and di-acetylchloramphenicol
All the CATS examined converted chloramphenicol to a monoacetylated derivative, as indicated by the appearance of a single peak between native and diacetylated drug on the HPLC traces. The increase in this peak was paralleled by a decrease in the chloramphenicol peak. The initial rate of decrease in concentration of chloramphenicol was used to calculate the activity for each enzyme studied (Table I) . Results of these calculations generally corresponded with the rate of acetylation determined by the spectrophotometric method of Shaw & Brodsky (1968) at pH 80. For 9 of 16 enzyme extracts, the results for the HPLC method were within 30% of the spectrophometri- cally-determined value and 12 of 16 were within 40% (data not shown). A four-fold increase in the PTA concentration gave less than 12% change in the rate of formation of monoacetylchloramphenicol at either pH by the Type I CAT, indicating that the overall reaction velocity was not limited by the rate of regeneration of acetyl CoA (Table I) . No diester was detected in reactions catalysed by Type II enzymes from H. influenzae isolates or from E. coli 50128. In contrast, the Type I and both the Type HI enzymes produced diester within 1-5 h under the standard conditions. Diacetylation occurred at both pH values within the same period (Table II) .
Decay of acetylated chloramphenicol derivates
Neither mono-nor di-acetylchloramphenicol was stable during prolonged incubation. Thus the quantity of either or both esters achieved a peak, then declined. The concentration of free chloramphenicol rose again in parallel with the decline of the esters. Enzymes varied considerably as to the times at which peak concentrations of monoester were reached and the subsequent period before the overall concentration of this species declined and the concentration of free chloramphenicol rose again (Table II) . A correlation between enzyme activity and time at which the former event occurred was noted. Decay of mono-and di-esters occurred more rapidly at pH 7-8 than pH 6-8. The chemically-manufactured diacetylchloramphenicol showed identical behaviour to the enzymatically produced molecule (Figure 1 ). 
Discussioa
It is well-established that some CATs from Gram-negative bacteria can produce 1, 3 diacetylchloramphenicol (Shaw, 1983) . Production of this diester is usually delayed for a considerable period after the first appearance of monoester (Shaw, 1983; Lovering et al., 1986) . Formation of 1-acetylchloramphenicol is believed to entail spontaneous nonenzymatic rearrangement of 3-acetylchloramphenicol and is an essential pre-requisite for formation of diester (Shaw, 1983) .
Using thin-layer chromatography to separate reaction products of a Type I CAT, Thibault, Guitard & Daigneault (1980) pointed out that stability of both 1-and 3-monoesters was increased at pH 6-0 with little interconversion occurring between these species. Although they found CAT activity to be decreased to about 60% of that at pH7-8, the enzyme remained able to produce diester at pH 60 if 1-monoacetylchloramphenicol was added as a substrate. However, only the 3-monoester was produced from native chloramphenicol at this pH and no diester was detectable.
In the present study we found that diester production occurred only during reactions catalysed by enterobacterial Type I and III CATs, not in those catalysed by enterobacterial Type II enzyme or by the related enzymes of H. influenzae. In addition, the Types I and III enzymes, including the Type m from E. coli 11186, synthesized diester at both 6-8 and 7-8, although more slowly at pH 6-8. On the other hand Lovering et al. (1986) , using the E. coli 11186 Type HI enzyme in shorter duration assays found that diester was not formed under the more acidic conditions. Inactivation of the CAT or PTA enzyme, or the absence of acetyl CoA or 1-acetylchloramphenicol (both of which were generated within the reaction system) could hypothetically account for the lack of diester formation by the Type II and related enzymes. None of these possibilities seems likely. The total concentration of monoesters in reactions catalysed by enterobacterial Type II enzyme rose until 40 h, and thereafter plateaued. This behaviour is explicable by an equilibrium being established between monoester synthesis and decomposition but would be incompatible with inactivation of CAT or PTA, or with the absence of acetyl COA, all of which would have resulted in declining concentrations of the unstable monoesters. Moreover, the maximum monoester concentration achieved with Type II enzymes was as high as that seen in reactions catalysed by Types I and III enzymes. The HPLC assay used could not distinguish 1-and 3-monoesters; but the presence of a substantial monoester peak in the Type II enzyme-catalysed reactions implied that at least some of the material was in the former configuration.
We cannot discount the possibility that the Type II enzymes produced diester at such a slow rate that this unstable product never achieved a detectable level. Nonetheless the diester half-life at pH 6-8 exceeded 75 h, indicating that any such formation must have been slow indeed. We conclude therefore that the Type II enzymes are genuinely unable to produce 1,3 diacetylchloramphenicol, indicating a significant difference between these enzymes and the Types I and III CATs.
